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Introduction
Osteosarcoma (OS) is the most prevalent primary bone malignancy [1] . Approximately 53% of OS occurs in children and adolescents (ages 0 - 24) , that is more common in males than in females [2, 3] . Despite its rarity, OS is the third leading cause of cancer-related death in the paediatric age group behind lymphomas and brain tumors [4, 5] . The aetiology of OS is unclear, and the molecular mechanisms of OS progression are poorly-understood [6] . Therefore, the discovery of new biomarkers for the diagnosis, prognosis, and treatment of OS remains an important but unmet clinical need.
MicroRNAs (miRNAs) are small non-coding RNA molecules (18 -25 nt) that are involved in the regulation of gene expression at the transcriptional or post-transcriptional levels. MiRNAs are incorporated into the RISC complex and base paired to the 3'-untranslated region (3' UTR) of target genes to exert their regulatory effects [7] . MiRNAs regulate several types of physiological and pathological processes, including embryogenesis, cell maintenance, lineage determination, and normal cell physiology [8] [9] [10] [11] . Studies have also shown that miRNAs are involved in tumorigenesis and cancer progression. Many miRNAs are deregulated in various cancer subtypes, such as breast cancer, colon cancer, gastric cancer, hepatocellular cancer, lung cancer, and OS [12] [13] [14] [15] [16] [17] [18] [19] [20] . It has been reported that miRNAs function both as oncogenes and tumor suppressor genes, depending upon the roles of their mRNA targets. Therefore, miRNA have been classified as oncogenic, tumor-suppressive, or context-dependent miRNAs [21] .
The regulation of miRNA expression occurs at several levels, including the transcriptional, post-transcriptional, and epigenetic levels [22, 23] . Epigenetic regulation is an important aspect of gene regulation [24] . The promoter hypermethylation of classic tumor suppressor genes is commonly observed in cancers, whereas the hypermethylation of oncogenic promoters is frequently occurs in non-transformed cells [25] . DNA methylation occurs predominantly at CpG dinucleotides, and acts as a relatively stable gene silencing mechanism [26] . The key enzymes that participate in DNA methylation are a family of DNA methyltransferases (DNMTs) that catalyze the transfer of methyl groups to the 5' position of cytosine bases in the CpG dinucleotide [27] .
In our previous study, we identified altered miRNA expression profiles in OS using a microarray-based approach. In the present study, we analysed the expression of miR-23a in OS cells and clinical tissues. We found that downregulation of miR-23a in OS cells and tissues was due to hypermethylation of the miR-23a promoter region. Introduction of miR-23a mimics inhibited the growth of OS cells, whereas miR-23a inhibitors resulted in accelerated cell proliferation. Similarly, miR-23a mimics inhibited the migration and invasion of OS cells while miR-23a inhibitors exhibited the opposite effect. We observed that miR-23a regulated the mRNA and protein expression of RUNX2 and CXCL12 by directly binding to the 3' UTR of these genes. Finally, we validated our in vitro results using nude mouse models, demonstrating that miR-23a suppressed tumor growth in vivo. Our results demonstrated the possibility of utilizing miR-23a as a useful diagnostic, prognostic, and therapeutic biomarker for OS.
Materials and Methods

Cell lines
Saos-2, MG-63, HOS MNNG/HOS Cl #5, U-2 OS osteosarcoma cell lines, and murine pre-osteoblast MC3T3-E1 cells were purchased from the ATCC (Manassas, VA, USA). Murine bone marrow stroma cells (BMSCs) and murine pre-chondrocyte ATDC5 cells were purchased from CHI Scientific, Inc (Jiangsu, China). All cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS) at 37℃, 5% CO 2 with saturated humidity.
Tissue specimens
The 20 paired of osteosarcoma specimens and adjacent tissues used in this study were obtained from surgically excised samples from the Department of Orthopaedics, Union Hospital. After pathological DNA and RNA extraction DNA was extracted from the osteosarcoma cell lines and clinical samples using a DNA extraction kit (Promega, USA) according to the manufacturer's instructions. RNA was extracted from the tissue and cell samples using Trizol (Invitrogen, USA).
Quantitative real-time PCR analysis
Total RNA was isolated from the cell lines and clinical samples using TRIzol (Invitrogen Life Technologies, USA). After quantification, 2 μg of total RNA was reverse-transcribed with the BulgeLoop™ hsa-miR-23a qRT-PCR Primer Set (Guangzhou RiboBio, China) according to the manufacturer's instructions. The efficiency of the primers was examined to ensure optimal sample amplification. Real-time PCR was performed using a SYBR Green PCR Master mix in an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, USA). For the analysis of miR-23a target genes, the primers used were as follows: 5' TTACAGACCCCAGGCAGGCACA 3' and 5'TCCATCAGCGTCAACACCATCA3' for RUNX2; 5' TGCTGCCTCTACCTGACACT 3' and 5' GTCCTGATACAGAGCTGGCA 3' for CXCL12. 5' AAGGTCGGAGTCAACGGATT 3' and 5' CTGGAAGATGGTGATGGGATT 3' for GAPDH. The constitutively expressed housekeeping gene, GAPDH, was used as an endogenous control to correct for any potential variations in RNA loading or reaction efficiency.
Methylation Assay
Genomic DNA was isolated from osteosarcoma cell lines and clinical samples using a DNA extraction kit (Promega, USA) according to the manufacturer's instructions. Two micrograms of genomic DNA was treated with bisulphate, and polymerase chain reaction (PCR) was performed using external nested PCR primers corresponding to a region that is unaffected by the methylation status. Equal aliquots of the amplicon were then amplified with internal nested PCR primers corresponding to either a methylated promoter region or a region that is unaffected by the methylation status. The PCR products were electrophoresed on a 1.2% agarose gel, and the PCR product of the internal 2 was used as loading control.
Cell proliferation assay
Cells were transfected with a miR-23a agomir, antagomir, or the corresponding controls (Guangzhou RiboBio, China) at 40% confluence according to the manufacturer's instructions. At the indicated time points, cells were collected for counting cell numbers using Countess (Invitrogen, USA).
Wound healing assay
Cells were transfected with miR-23a mimic, inhibitor, or the corresponding controls (Guangzhou RiboBio, China) according to the manufacturer's instructions, and cultured until monolayers were formed. The monolayers were scratched with a 200-μl pipette tip and washed to remove the detached cells. The cells were maintained in serum-free media for 24 hours, and the wounded areas were photographed. The cell migration distances were measured to indicate the migration ability of differently treated cells.
Cell invasion assay
Cells were treated as previous described, and 1×10 5 cells were resuspended in 300 μl of serum-free media and added onto a filter coated with basement membrane Matrigel. Bio-Coat cell migration chambers (BD Biosciences, USA) were supplemented with RPMI 1640 with 20% FBS. After 24 h of incubation, the cells on the upper surface of the filter were removed, and the invading cells on the lower surface were fixed with 5% glutaric dialdehyde and Giemsa stained to quantify the number of cells. The number of invading cells in 5 randomly chosen microscopic fields was counted to determine the invasive ability of differently treated cells.
Western blot analysis
Cells were treated as previous described, and 24h later cells were lysed using lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1% TritonX-100, 0.5% (w/v) sodium deoxycholate, 0.1% SDS, 5mM EDTA, 10 μg/ml leupeptin, 10 μg/ml aprotinin, and 1 mM phenylmethylsulphonyl fluoride. The protein
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Cellular Physiology and Biochemistry concentration of the cell lysates was measured by a bicinchoninic acid (BCA) protein assay (Pierce, IL, USA), and the proteins were separated by SDS-PAGE and transferred to Hybond ECL nitrocellulose membranes (Amersham Biosciences, NJ, USA). The antibodies used for immunoblotting were as follows: anti-RUNX2 rabbit monoclonal antibody, anti-CXCL12 rabbit monoclonal antibody, and anti-GAPDH rabbit monoclonal antibody, all of these antibodies were purchased from Cell Signaling Technology (USA).
Reporter Assay
Cells were cotransfected with a wild-type or mutant of luciferase reporter containing the promoter region of the RUNX2 or CXCL12 genes, and either miR-23a mimic or inhibitor. Cell lysates were harvested 24 h later and luciferase activity was measured using the Dual-Luciferase Reporter System (Promega, USA) according to the manufacturer's instructions. The luciferase activities were normalized to that of Renilla luciferase. The results are expressed as the means±SDs of at least three independent experiments.
Animal experiments
The care and use of experimental animals were approved by the ethical committee of Tongji Medical College, Huazhong University of Science and Technology, and adhered to institutional guidelines and ethical standards. Thirty-two 5-week-old male nude mice (BALB/cA) were obtained from the Shanghai Institute of Materia Medica, Chinese Academy of Sciences. MG-63 or Saos-2 cells were grown to log phase and inoculated into nude mice subcutaneously at the right lateral breech. The nude mice were randomly divided into the following four groups: MG-63 with agomir control, MG-63 with agomir, Saos-2 with antagomir control, and Saos-2 with antagomir. After 5 days of inoculation, the agomir or antagomir was injected intratumorally at 60 mg/Kg every two weeks. Tumor latency and growth were observed daily after tumor cell injection. Tumor volume was calculated using the following formula: tumor volume = long radius × short radius 2 × 0.5.
Statistical analysis
Unless otherwise indicated, all data were analyzed using SPSS 11.0 and presented as the mean ± SEM. A typical image from at least three similar experiments was administered. Statistical analysis was determined using t-tests. A value of P < 0.05 was considered to be statistically significant.
Results
MiR-23a is downregulated in OS cells and tissues
In our previous study, we used Agilent human miRNA microarrays to screen out several differentially expressed miRNAs between OS and normal tissues. To further validate our results, we measured the expression of miRNAs in OS cells and tissues using quantitative real-time RT-PCR. The cells lines utilized in this section included Saos-2, MG-63, HOS MNNG/ HOS Cl #5, and U-2 OS osteosarcoma cells. As shown in Fig. 1 A, the expression levels of miR23a were significant lower in OS cells (p<0.05, p<0.01 in MG-63 and U-2 OS cells) than in the BMSCs, MC3T3-E1, and ADTC5 cells. We next analyzed the expression level of miR-23a in 20 pairs of OS samples and adjacent tissues. After the pathological confirmation of the disease, paired of OS samples and normal adjacent tissues were obtained from each patient. As shown in Fig. 1 B, we observed that miR-23a expression was lower in all tumors, whereas all normal controls exhibited at least 2.5-fold higher levels of miR-23a (p<0.05). These findings indicated that the downregulation of miR-23a is a frequent event in human OS samples.
The deregulation of miR-23a is due to the methylation of the miR-23a promoter
To reveal the mechanisms that underlies the deregulation of miR-23a in OS cells and tissues, we analyzed the promoter region of the miR-23a gene. After finding that the promoter region of miR-23a is rich in CpG islands, we examined whether CpG methylation accounts for the low expression of miR-23a in OS. The OS cells indicated previously were harvested for methylation analysis. As shown in Fig. 2 A, the methylation status of the miR-23a promoter was positive in OS cells, especially in MG-63 and U-2 OS cells, and the methylation status of the miR-23a promoter was consistent with the low expression of miR-23a in these cell 
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MiR-23a suppresse cell proliferation, migration, and invasion in OS cells
To test the function of miR-23a, we used the mimic (agomir) and inhibitor (antagomir) of miR-23a to perform gain-of-function and loss-of-function assays. As shown in Fig. 3 A, after the introduction of miR-23a agomir, the proliferation of MG-63 cells was significantly increased (p<0.05). On the contrary, the introduction of miR-23a antagomir resulted in the stimulation of proliferation in Saos-2 cells (as indicated in Fig. 3 B, p<0 .05). These data suggested that miR-23a negatively regulated cell proliferation. We next performed wound healing assays to examine the effects of the expression level of miR-23a on the migration ability of OS cells. As demonstrated in Fig. 3 C, mimic of miR-23a inhibited the migration of MG-63 cells, whereas miR-23a inhibitor caused an increase in the cell migration of Saos-2 (Fig. 3  D) . The distance of cell migration was calculated to determine the cell migration ability, and a quantification of cell migration ability is shown in Fig. 3 E (p<0.05) . We then determined the effect of miR-23a on cell invasion using transwell assays. Consistent with the results of the migration assays, after the introduction of miR-23 mimic dramatically suppressed the invasion of MG-63 cells while miR-23a inhibitor caused a stimulation of cell invasion in Saos- (Fig. 3 F) . A quantification of this effect is shown in Fig. 3 G (p<0.05) . Taken together, these results demonstrated that miR-23a inhibited the proliferation, migration, and invasion of OS cells.
RUNX2 and CXCL12 are targets of miR-23a
MiRNAs regulate the abundance and translation of their target mRNAs. Therefore, the genes that an miRNA regulates are important for the function of an miRNA. We analyzed the potential targets of miR-23a using online software. Several genes were identified as potential targets, and we tested whether these genes were modulated by miR-23a using realtime PCR. Through this experiment, we found that the mRNA levels of RUNX2 and CXCL12 were affected when the expression of miR-23a was modified. As shown in Fig. 4 A, miR-23a mimic decreased the level of RUNX2 mRNA whereas inhibitor of miR-23a increased the level of RUNX2 mRNA (p<0.05). The CXCL12 mRNA level was similarly changed by the miR23a mimic and inhibitor (Fig. 4 B, p<0.05) . The results getting from Western blot analysis demonstrated that the changes in the protein levels of RUNX2 and CXCL12 were consistent with those of the induced by miR-23a. MG-63 cells were transfected with pre-miR-23a, with or without a RUNX2 or CXCL12 plasmid, cell numbers were determined after 48 h. RUNX2 and CXCL12 rescued the decreased cell migration (K) and invasion (L) induced by miR-23a. *, p < 0.05 vs the control groups.
He (Fig. 4 C and Fig. 4 D, p<0 .05). To further verify whether RUNX2 and CXCL12 were regulated by miR-23a, we constructed luciferase plasmids containing the 3' UTRs or mutated 3' UTRs of RUNX2 and CXCL12. The complementary regions in the 3' UTRs of RUNX2 and CXCL12 are shown in Fig. 4 E. The luciferase activities of cells treated with either mimic or inhibitor of miR-23a were tested. As shown in Fig. 4 F, transfecting MG-63 cells with miR-23a mimic downregulated the acitivity of luciferase (p<0.05). On the contrary, inhibitor of miR-23a caused a dramatic elevation of luciferase activities (p<0.05). However, neither the mimic nor the inhibitor of miR-23a changed the luciferase activities of constructs containing the mutant RUNX2 3' UTR (Fig. 4 G) . The luciferase activity of the 3' UTR of CXCL12 was similarly affected, as shown in Fig. 4 H and Fig. 4 I. Rescue experiments demonstrated that RUNX2 and CXCL12 could rescue the impaired cell proliferation, migration, and invasion induced by miR-23a (Fig. 4 J-L) . Taken together, these data suggested that RUNX2 and CXCL12 are targets of miR-23a and that miR-23a regulates the mRNA and protein levels of RUNX2 and CXCL12 to exert its role.
MiR-23a inhibit OS tumor growth in nude mice
Finally, we examined the effect of miR-23a on the tumorigenicity of MG-63 and Saos-2 cells in nude mice. The mice were subcutaneously injected with MG-63 cells, a miR23a agomir was injected intratumourally after 5 days, and the primary tumor sizes were monitored after 4 weeks. As shown in Fig. 5 A -Fig. 5 C, treatment with the miR-23a agomir led to a nearly 60% reduction in tumor volume and tumor weight compared to the controls (p<0.05). Consistently, after injection of miR-23a antagomir, the average tumor size and weight formed by Saos-2 cells was increased at least 3-fold (Fig. 5 D -Fig. 5 F, p<0 .05). These in vivo findings were consistent with the in vitro results observed in the cell proliferation assays, demonstrating that miR-23a robustly blocked tumor growth in OS.
Discussion
Osteosarcoma is the most common primary bone tumor in children and adolescents. The prognosis for patients with osteosarcoma is poor. Previous data suggestes that 30% of osteosarcoma patients will not survive for more than 5 years, and less than 50% will survive for more than 10 years. Studies have reported several genetic alterations in osteosarcoma cells, including chromosomal abnormalities, mutations in tumor suppressor genes or oncogenes, and epigenetic modifications, but the underlying molecular mechanisms of the development of osteosarcoma remain poorly understood. The development of effective treatment strategies or new biomarkers remains an important but unmet clinical need.
MicroRNAs are important gene regulators that play essential roles in regulating the progression of carcinomas including osteosarcoma. Because of their relative ease of detection, altered miRNAs expression profiles may be used to exploit promising targets for diagnosis. Many miRNAs have been found to be upregulated or downregulated in osteosarcoma, such as miR-17-92, miR-145, let-7a, miR-143, miR-181a, and others. However, until now there was no report regarding the dysregulation of miR-23a in osteosarcoma.
In the present study, we found that miR-23a displayed much lower expression levels in osteosarcoma cells and tissues, and that this decrease was due to the DNA methylation of the miR-23a promoter. Functional studies showed that miR-23a functions as a tumor suppressor gene by targeting RUNX2 and CXCL12. Our results revealed for the first time that miR-23a inhibit the growth, migration, and invasion of osteosarcoma cells. The identification of dysregulated miR-23a will likely assist in the development of biomarkers for the progression of osteosarcoma progression.
Recently, numerous lines of evidence have demonstrated that miR-23a is involved in the development of various cancers, including lung cancer, colon cancer, hepatocarcinoma, glioma, breast cancer, colorectal cancer, gastric adenocarcinoma, and haematological malignancies [28] [29] [30] [31] [32] [33] [34] [35] . Most of them identified miR-23a as an oncogene due to its [32] . MiR-23a also regulates TGF-β-induced epithelial-mesenchymal transition by targeting E-cadherin in lung cancer cells [28] . However, there were no prior studies reporting a tumor-suppressive function of miR-23a, and we identified miR-23a as tumor suppressor in OS. We speculate that the roles of miR-23a in different types of cancer are tissue-specific and depend upon specific cellular contexts. One of the distinguishing features of osteosarcoma is the destruction of bone, and RUNX2 plays essential roles in the development of osteosarcoma. Our results demonstrated that RUNX2 was one of target genes of miR-23a in OS cells, and the introduction of RUNX2 rescued the impaired proliferation, migration and invasion of OS cells. It is hypothesised that miR-23a plays its tumor suppressor role indirectly, at least in part, by downregulating the expression of RUNX2. Therefore, it was not surprising that miR23a functions as a tumor suppressor in osteosarcoma cells. In other cancer types, such as lung cancer, we did not observed any regulation of RUNX2 by miR-23a. Therefore, in lung cancer, miR-23a may stimulate the progression of cancer and play a different role than it does in OS cells, potentially through mechanisms other than RUNX2. DNA methylation is one important mechanism of gene regulation. DNA can be modified by the addition of a methyl group to its 5-position of cytosine by DNA methyltransferases (DNMTs). DNA methylation, which is frequently observed on CpG islands, contributes to the transcriptional silencing of genes. The promoter methylation of tumor suppressor genes is commonly observed in carcinoma, and is the predominant mechanism for the loss of tumor suppressor function. In our study, we demonstrated that the promoter region of miR-23a was hypermethylated in osteosarcoma cell lines and tissues, which neatly explains the decreased expression of miR-23a. Therefore, the expression of miR-23a and its promoter methylation represent new biomarker for the specific detection of osteosarcoma. Genomewide DNA methylation analysis will be needed to provide extensive information for exploring miR-23a or other microRNAs as potential diagnostic markers for osteosarcoma. Correlating the methylation status of the miR-23a promoter with the clinocopathologic and molecular profiles from a large OS cohort will also strengthen the evidence in favor of miR-23a as a new biomarker for the specific detection of osteosarcoma.
RUNX2 is a key transcriptional factor that is involved in the differentiation of osteoblasts and chondrocytes. Increasing evidence shows that RUNX2 plays essential roles in certain types of cancer, such as breast cancer and osteosarcoma. These cancers possess some "osteomimic" features and are able to invade into the bone tissues. RUNX2, acting as an oncogene, promotes the proliferation, migration, and invasion of cancer cells. CXCL12, also known as SDF-1, is a potent chemoattractant factor that is important for cancer cell migration. Our results demonstrated that miR-23a targets RUNX2 and CXCL12, and the introduction of RUNX2 and CXCL12 rescued the impaired proliferation, migration and invasion of OS cells, revealing one mechanism that underlies the inhibitory role of miR-23a in osteosarcoma. A single miRNA can regulate the mRNA stability or translation of multiple mRNAs, while one gene can be regulated by multiple miRNAs. Therefore, it is also possible that other miRNAs could also regulate RUNX2 or CXCL12. Therefore, other miRNAs may have roles similar to that of miR-23a in osteosarcoma.
Taken together, we have observed for the first time that the expression of miR-23a is decreased in osteosarcoma and revealed its role as a tumor suppressor gene in these cells. Our data help to elucidate the mechanism of osteosarcoma progression, and demonstrated the possibility of using miR-23a as a useful diagnostic marker for osteosarcoma.
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